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ABSTRACT

Knowledge of the directional and hemispherical reflectance properties of natural surfaces
such as soils and vegetation canopies is essential for classification studies and canopy model
inversion. The Multi-angle Imaging SpectroRadiometer (MISR), an instrument to be
launched in 1998 onboard the EOS-AM1 platform, will make global observations of the
Earth’s surface at 1.1 km spatial resolution with the objective of determining the
atmospherically corrected reflectance properties of most of the land surface and the tropical
ocean. The algorithms to retrieve surface directional reflectance, albedes, and selected
biophysical parameters using MISR data are described. Since part of the MISR data
analyses includes an aerosol retrieval, it is assumed that the optical properties of the
atmosphere (i.e., aerosol characteristics) have been determined well enough to accurately
model the radiative transfer process. The core surface retrieval algorithms are tested on
simulated MISR data, computed using realistic surface reflectance and aerosol models, and
the sensitivity of the retrieved directional and hemispherical reflectance to aerosol type and
column amount is illustrated. Included is a summary list of the MISR surface products.

|. INTRODUCTION

About 30% of the Earth’s surface is covered by land and much of this is vegetated. Thus,
land surface processes are important components of the terrestrial climate system [ 1]. The bulk of
the solar energy provided to the troposphere transits through the lower boundary (oceans and con-
tinents) first and is made available to the atmosphere through the fluxes of sensible, latent, and ther-
mal radiation. Accurate descriptions of the interaction of surface vegetation and atmospheric pro-
cesses require guantitative information on fluxes of energy (radiation transfer) and mass (water va-
por and CO,)] which are strong functions of photosynthetic and evapotranspiration rates. These,
in turn, are strongly correlated with surface hemispherical reflectance (i.e., albedo) [2]-[4]. There-
fore, accurate hemispherical reflectance estimates are expected to be diagnostic of the influence of
biophysical processes on surface-atmosphere interactions. These estimates are also important,
even over non-vegetated terrain, because moditications to the surface. through natural or human-
induced causes, will potentially change the hemispherical reflectance, and consequently, impact

the climate system as a aresult of perturbing the lower boundary condition [5]-[7].



Angular signature information is also expected to be a significant component of improved
surface cover classification and characterization [8]. The time-evolution of terrestrial ecosystems
is difficult to monitor at the surface and satellite platforms provide a unique opportunity to carry
out extensive surveys with comprehensive spatial coverage and high time resolution. Detection of
ecophysiological change on the land surface, resulting from natural processes (canopy succession
and species replacement) or anthropogenic activities (e.g., deforestation, acid rain), necessitates
accurate, repeatable measurements of the surface that can be used for landscape classification.

Over oceans, monitoring of ocean color provides the means of monitoring marine biological pro-

ductivity and its changes with time.

In an effort to meet these observational needs, the Multi-angle Imaging SpectroRadiometer
(MISR), scheduled for launch in 1998 on the EOS-AM 1 platform, is capable of continuously im-
aging the Earth’s surface at nine fixed viewing angles (70.5°, 60.0°, 45.6°, 26.10 forward and aft-
ward of nadir, and nadir) and four spectral bands (446, 558, 672, and 866 nm) [9]. Thus, a given
scene will be observed at these view angles and wavelengths within a span of only 7 minutes, i.e.,
near simultaneously, alowing the assumption that the cloud-free atmosphere over the scene re-
mains constant during the course of the measurements. The MISR surface retrievals will be per-
formed at the spatial resolution of 1.1 km globally, termed a subregion, but localized areas of in-
terest can be processed at MISR’s highest resolution of 275 m.

H. SURFACE RETRIEVAL STRATEGY

Before surface retrievals can be performed within a given region, various atmospheric pa-
rameters need to be determined by means of an aerosol retrieval. Here, aregion is defined to be an
area 17.6 km x 17.6 km in size, composed of 16 x 16 1.1 km subregions, covering either land or
ocean. However, an aerosol retrieval is not performed if the region exhibits too much cloudiness
or if the surface terrain is too topographically complex. Even if an aerosol retrieval was successful,
some 1.1 km subregions within the region may not be suitable for a surface retrieval due to cloud-
iness, cloud shadows, sun glitter (usually over water), or instrument-related reasons.

The following sequence of land surface retrieval activity is performed on all suitable subre-
gions. First, the hemispherical-directional reflectance factor (HDRF) tor all available camera view
angles and the bihemispherical reflectance (BHR) are determined in the four MISR spectral bands.

The HDRF., ameasure of the view-angle-dependent surface-leaving radiance, and the BHR, an al-
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bedo, are surface reflectance properties for illumination conditions of the ambient atmosphere (i.e.,
direct and diffuse sunlight) and are retrieved with a minimum number of assumptions. These pa-
rameters are directly related to radiances and fluxes at the surface and, therefore, provide informa-
tion to radiation balance studies of the atmosphere/surface system. Using the HDRF as a starting
point, the corresponding bidirectional reflectance factor (BRF) and the directional-hemispherical
reflectance (DHR) are determined. The BRF and the DHR are equivalent surface properties to the
HDRF and BHR, respectively, but assume only direct sunlight illumination in the absence of an
atmosphere. Therefore, the BRF can be retrieved from an HDRF only if a BRF model is assumed,
making the BRF and DHR somewhat more model-dependent than the HDRF and the BHR. By us-
ing a parametrized BRF model, however, and determining the model parameters, the possibility
exists of extrapolating the retrieved BRF and DHR to other view angles and sun angles not obtain-

able by MISR.

From the spectral BHR and DHR a PAR-integrated BHR and DHR are obtained. The PAR
(photosynthetically active radiation) band covers the 400-700 nm wavelength range. The PAR-
integrated BHR and DHR are a measure of the amount of PAR absorbed by the surface (vegetative
and non-vegetative) under ambient and direct illumination conditions, respectively. The fractional
amount of incident PAR absorbed by vegetation canopies (FPAR) only (and not the understory)
and the canopy leaf areaindex (LLAI) are then estimated using the retrieved spectral surface prod-
ucts (BHR, DHR, BRF, HDRF) as input to detailed radiative transfer models of various plant can-
opy biome types. The details of the LAI/FPAR algorithm can be found in [ 10].

The ocean surface retrieval process is performed only for the tropical ocean, which for our
purpose is contained within a 600 km wide band centered on the egquator. Phytoplankton pigment
concentration is estimated, using the retrieved water-leaving radiances in the MISR blue (446 nm)
and green (558 nm) bands as input to a modified Coastal Zone Color Scanner (CZCS) agorithm.
However, these water-leaving radiances are retrieved in two distinct ways. One is the conventional
approach, essentially employing the MODIS/SeaWiES algorithm [ 11], [ 12] which hasits own col-
lection of aerosol models, and the other is based on the MISR aerosol and HDRF retrieval algo-
rithms. Pigment concentrations are determined using both sets of water-leaving radiances for later

comparison studies.



111. SURFACE RETRIEVAL PRELIMINARIES

The algorithms assume that scattering and absorption of sunlight within the atmosphere is
adequately described by radiative transfer theory [13]. In general, attenuation of the incident and
reflected beams as a result of extinction (scattering and absorption) along the ray path is somewhat
offset by diffuse radiation that has been ( 1) reflected by the atmosphere without reaching the sur-
face, (2) subjected to multiple reflections between the atmosphere and surface, and (3) scattered
into the line-of-sight from neighboring areas. The top-of-atmosphere (TOA) radiance depends on
both the optical characteristics of the atmosphere and the reflectance properties (spatial, spectral,
and angular) of the surface. The solution to the radiative transfer equation is an integral expression
which must be solved for the surface reflectance. At the bottom of the atmosphere, the surface is
illuminated by radiation which has been both directly and diffusely transmitted through the atmo-
sphere, as well as by backscattered light from the surface. The diffuse radiation field, called sky-
light, illuminates the surface from all angles in the downward hemisphere. In contrast, directly
transmitted sunlight is more or less uni-directional (except for the finite angular size of the Sun,

which can be ignored for practical purposes).

An implicit assumption of the surface retrieval algorithms is that each of the 36 (9 view an-
gles x 4 spectral bands) MISR radiances is associated with the same ground footprint, particularly
with regard to size. At the highest resolution, the geometric crosstrack footprint dimension of each
camerais virtually the same, about 275 m, as a consequence of the particular camera effective focal
length. However, surface projection effects increase the geometric along-track footprint dimension
with increasing view angle. Thus, the along-track instantaneous footprint size of the D (70.0 O,
cameras at the highest resolution is three times that of the off-nadir A (26. 1°) cameras, 707 m ver-
sus 236 m, but the along-track sample spacing is still 275 m. When the high resolution samples are
averaged 4 x 4 to create an subregion with a crosstrack dimension of 1.1 km, the surface projection
effect is substantially mitigated for the subregion along-track dimension, due to the 275 m sample
spacing. Thus, subregions from the D, C (60.0°) and B (45.6°) cameras are only 17%, 1170, and
6% geometrically larger. respectively, than subregions trom the A cameras. These variations in
footprint size are not considered significantand S0 the common subregions from all nine cameras

are treated in the retrieval process as having identical ground footprints.



Because the surface topography is variable within the footprints of the MISR observations,
the effects of terrain slope must be considered in the surface retrieval. The primary effects of a
sloped or tilted terrain on the observed radiance include the dependence of irradiance (both direct
and diffuse), upward transmittance, and possibly surface BRF on the tilt angle (slope). Some of
these effects have been studied insofar as how they impact the classification accuracy of forest can-
opies (e.g., [14], [15]). A more general analysis was done by Woodham and Lee [16], who devised
a 6-parameter model of surface reflectance to account for slope effects. Using this model, Gray
[17] reported that the classification accuracy for a forested area increased from51 % (uncorrected
Landsat MSS data) to 80% with correction for solar incidence angle providing the largest effect.
If, however, the slope is kept under 20°, the atmospheric parameters associated with diffuse scat-
tering seem to depend only slightly on the slope angle [15]. Therefore, surface parameters will be
retrieved only for subregions with slopes within the 20° limit, using a topographic mask to filter
out more rugged terrain. In this case the MISR surface retrievals do not need to explicitly incorpo-
rate tilt or slope effects. Instead, in every 1.1 km land subregion where aretrieval is performed, the
surface leaving radiance is considered to transition an imaginary horizontal surface (a surface par-
allel to the standard Earth ellipsoid) and the MISR surface retrieval results are referenced to this
surface. Certain mountainous regions obviously will be excluded from standard product generation
activities, but it is expected that they will be investigated on a specialized basis.

Although the adjacency effect is also mentioned in the above cited references, there is pres-
ently no operational method to correct for reflections from adjacent, spatially heterogeneous ter-
rain, especially at off-nadir view angles. For spacecraft measurements these adjacency effects can
be described by a convolution of the three-dimensional upward transmittance and the surface-leav-
ing radiance. The radiance L; " leaving the top of the atmosphere at wavelength A and surface

spatial coordinates x, y, can be written as
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Here, p and p, are the cosines of the view and Sun angles, defined with respect to the normal to the
surface ellipsoid (not the local topographically-defined surface orientation) and %% is the view
azimuthal angle with respect to the Sun position, also in the ellipsoid reference system. The
convention -p and p is used for upwelling and downwelling radiation respectively. The properties
of the atmosphere are assumed to be horizontally homogeneous. In (1), Li"" is the radiance
scattered by the atmosphere to space without interacting with the surface (i.e., the path radiance),
L;“;fy is the surface-leaving radiance, T, , , is the upward diffuse transmittance, and 7, is the
optical depth of the atmosphere (Rayleigh + aerosols). In (2), LL x,y 1S the direct and diffuse
downward radiance incident on the surface, and R, , y s the surface bidirectional reflectance

factor (BRF). The BRF is n times the bidirectional reflectance distribution function (BRDF).

In the general 3-D solution to the radiative transfer problem with a horizontally uniform at-
mosphere over a spatially flat but contrasting surface, the transmittance T, , can be thought of
as a point-spread function and the convolution operation ® describes the blurring effect of the at-
mosphere on the surface reflectance R, , , [18]. When the image spatial resolution is comparable
to or greater than the atmospheric scattering scale height (defined by the vertical distribution of the
aerosols and/or Rayleigh scattering molecules), adjacency effects are mitigated and ( 1) reduces to
the standard one-dimensional radiative transfer regime, where 7,  , is effectively a delta func-
tion in the spatial coordinates. In this case, (1) simplifies to

1 -7 r
L0 (=i, Mo 0 - 0950) = L3 (~it 1 0= 0git) + €1 L3 (e g, 00011
12n
’ ’ IlH‘f ’ ’ . 7 ’
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Over ocean the 1-D radiative transfer description of the TOA radiance, described by (3), is
appropriate, due mainly to alack of contrast on the ocean surface. Over land, however, there can
be significant surtace contrast and aerosol scale heights are about 1- 2km, comparable to the sur-
face spatial resolution. leading to adjacency ettects. Nevertheless, by virtue of the 1.1 -km subre-

gion size, we assume that (3) is sutticiently accurate such that surface retrievals are not signillcunt-




[y compromised by not using ( 1). This assumption has been tested using a 3-D radiative transfer
agorithm [ 19], [20] on a scene with a high-contrast boundary (a coastline)[2 | ]. The results of these
tests indicate that at the spatial resolution corresponding to unaveraged MISR data (275 m), and
especialy at high spatial resolution (30 m or finer) obtained with sensors such as the Landsat The-
matic Mapper, SPOT, or ASTER, the use of (3) can lead to retrieved surface reflectance with er-
rors larger than those resulting from expected uncertainties in the aerosol retrieval. At the 1.1-km
subregion size, however, the errors resulting from the use of 1-D radiative transfer theory are sim-
ilar in magnitude to errors incurred with the aerosol retrieval. Therefore, until we are confident that

aerosol retrieval errors can be minimized, we do not consider the additional complexities of includ-

ing 3-D radiative transfer theory to be warranted.

Finally, a principal assumption in the surface retrieval process is that the state of the atmo-
sphere is known well enough that the various atmosphere-dependent functions, e.g., T, and Li'"’
in (3), can be determined. For MISR this process involves an aerosol retrieval [22] which allows a
determination of the atmospheric optical depth (aerosol + Rayleigh) and its scattering properties
(phase function and single scattering albedo) in the four MISR spectral bands. This information is
then used as input to lookup tables of radiative transfer parameters contained in the Simulated

MISR Ancillary Radiative Transfer (SMART) dataset [23]. The use of the SMART dataset is an
efficient alternative to real time computations of parameters such as atmospheric path radiance,

diffuse transmittance, and irradiance. This dataset is used in the aerosol retrieval process and it also
provides the necessary atmospheric quantities in (3), needed by the surface retrieval agorithms.

IV. RETRIEVAL OF HDRF AND BHR

The retrieved HDRF is essentially a measure of surface-leaving radiance at the nine MISR
view angles and four spectral bands for the particular sun angle geometry of the observations. In-
tegration of the HDRF over the sky hemisphere results in the BHR or surface albedo for ambient
sky illumination. These kinds of data currently are being obtained for very localized areas as part
of sporadically timed field experiments, using hand-held radiometers with footprint sizes of less
than a meter (see, e.qg., [24]). In contrast MISR will provide the HDRF and BHR systematically
with a footprint size of 1.1 km over most of the global land surtace. The retrieval algorithm de-

scribed below simultaneously retrieves the spectral HDRF and BHR.



The description of the HDRF/BHR retrieval algorithm begins with a mathematical definition
oft he hemispherical-directional reflectance factor for non-isotropic incident radiation, t he full de-
scriptor of the HDRF. It can be written as

Lil,‘:f,v(-u. Mo &= 65Ty)
Iy xy (7B Bo 0= 00373 ) = —33 . 4
}J J Li'fcy(u’, o 0 — 00Ty 0 dp’de’
00

and is equal to the ratio of the radiance reflected from the surface, I ;o the radiance reflected
from an ideal lambertian target, each with the same beam geometry and illuminated under identical

atmospheric conditions. The surface irradiance Ey , , is defined as

12n
Ey oy = [ ] LY, (W s & — 0, )W dp’dor (5)
00
and is the incident flux (or, more precisely, the radiant flux density) at the surface. The total
radiance incident on the surface, Ly . ,» in (5) includes the contribution from al of the multiple
reflections between the atmosphere and surface and, therefore, £, . , is dependent on the surface
BRF, R, . ,.

Another basic radiometric quantity is the radiant exitance at the surface, M, y» expressed

lan

My (1) = [ [ LT (b 0 09y ndude, (6)

00

and is the exiting radiant flux density at the surface.

Now when r, ., in (4) is integrated over the hemisphere, the result, Tf?x' v IS the

bihemispherical reflectance for non-isotropic incident radiation or BHR, i e,
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Thus, the BHR is the ratio of the radiant exitance to the irradiance, i.e., the albedo.

The surface-dependent irradiance E,. ., is related to the black surface irradiance E, , via

the highly accurate approximation

E; p(noity)

hem
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where s, , is the bottom-of-atmosphere (BOA) bihemispherical albedo. Combining (7) and (8), the

. hem .
expression for A, ', then can be rewritten as

M (HosTy)

hem A x 0 A
A HoiTy) = i . 9
» X'y( 0 )‘) E;\,b(uoﬂx) + S;»(‘r)\) : Mk, x,y(uoﬂ;\) ©)

Also, using (5) and (8), T, x,y CaN be rewritten as
m L (g 9= 9011 - [ = AR (hity) - 53.(5)]
Ty x, y(Hy gy 0= 0457y ) = ' . (10)
| Ey y(1pity)

Thus, when L;“’rf yisknown, ry . and Ai""")can be computed from (6), (9), and ( 10). The other

parameters in these equations, the black surface irradiance E, , , the BOA bihemispherical albedo
s). and the atmospheric optical depth <, , depend only on atmospheric properties and are

determined in the aerosol retrieval process.

The integral equation (3) can be solved for Li“'(f , by starting with an initial estimate and
converging to the solution via iteration. An initial estimate, E3""\(0), is made by using (3), but with
237 in the diffuse transmittance term brought outside the integral. Then, we can write
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and L,""," is identified with the TOA radiance L} The iteration algorithm for L7 is aso

derived from (3),

surf(n+1) MISR atm V]
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Note that (13) implies that L;“Zf , isdirectly determined only at the nine Sun-view angles of the

MISR observations, but evaluation of the last term requires that Li“;f y be known over a complete

hemisphere. However, we can obtain a good approximation of this integral if both 7', and Li‘"tf (y")

are described by a two term cosine series in azimuth angle. Then, ( 13) can be rewritten as
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Then,
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where ¢ and ¢, are the forward and aftward view azimuth angles of each symmetrically viewing
. surf(n) surf(n) fi . MISR /i .
camera pair. Thus, Ly g » yand Ly j ', can be calculated for the 11ve unique view zenith
angles, 70.5°, 60.0°, 45.6°, 26.10, and O°. To perform the integrations in (14), these quantities then
are interpolated to the Radau quadrature points at which T3 oand Ty, are evaluated. These
transmittance coefficients are another product of the aerosol retrieval process and precomputed

values are contained in the SMART dataset.

em(n) .

At every iteration step the BHR A};: xy isevaluated using (9) with My, , from (6), rewrit

ten as

1
1
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The iteration process is terminated when the condition,

hem(n) hem(n -
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is satisfied. The configurable parameter ¢ is set to 0.01.

The procedure described by ( 14) is very fast and very stable, usually requiring three itera-
tions or less to achieve convergence. Once the iteration is finished ( 10) is used to evaluate the
HDRF, r;, .-



V. RETRIEVAL OF BRF AND DHR

The agorithm for retrieving the HDRF and BHR from MISR TOA radiances is virtually in-
dependent of any particular kind of surface BRF model and is highly accurate when correct atmo-
spheric information is used. Going a step further, it then is possible to retrieve the bidirectional re-
flectance factor (BRF) and directional-hemispherical reflectance (DHR) from the HDRF by using
a parameterized BRF model. The BRF is actualy alimiting form of the HDRF, defined for the spe-
cial condition of no atmosphere. The same limiting form also applies to the relationship between
the BHR and the DHR. This implies that there is no diffuse radiation incident on the surface and
only the direct radiance from the Sun. It is the removal of the effects of the diffuse radiance from
the HDRF which requires the use of a BRF model in the BRF/DHR agorithm and which ultimately
makes the retrieved BRF and DHR somewhat model dependent. The BRF/DHR algorithm also de-
termines the BRF surface model parameters, which allows the model to predict the surface angular
reflectance properties fully and thus to extend the angular range of the BRF and DHR to also in-
clude al solar and view angle geometries not covered by the observations. With further research,
it may also be possible to obtain a correlation between the model parameters and surface physical
parameters (e.g., LAI and leaf orientation parameters) and surface classification types.

A number of BRF surface models have been proposed in the literature, ranging from those
with only 2-3 parameters (e.g., [26]) to those with 10 and more parameters (e.g., [27], [28]). De-
vising new and better BRF surface models is an ongoing effort by many researchers and there is
no consensus at the present time as to an optimum BRF model for use with multi-angle data. Dif-
ferent researchers may want to use different models, depending on the focus of their investigations.
If ssmple models, containing two or three parameters, are used in the inversion process then the
retrieved HDRF at the nine MISR angles, associated with individual orbital swaths, usualy will be
a sufficient data set upon which to perform BRF retrievals. However. if the more complicated BRF
surface models are used, containing more than three parameters, then the collection of MISR
HDRF's, associated with overlapping swaths from multiple orbits and multiple days, will be re-
quired. For the MISR at-launch standard product, we have opted for the former strategy and are
using a three parameter, semi-empirical BRF model.



The retrieval algorithm starts with the relationship between the HDRF, r, . and the BRF,

Rk.x, y®
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where (2), (4), and (5) were used. Here, 1, y and Ak-.r-.y have been retrieved previously and the
irradiance E, . , is computed using (8). The incident radiance Ly'S , at the surface is

approximated by the form,
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where 8 is the Dirac delta function and E, is the TOA solar irradiance. The downward diffuse
transmittance T, is described by atwo term cosine seriesin o—0,, Where the coefficients T, , and
T, are defined as in ( 16) for the upward diffuse transmittance. The first term on the right-hand-
side of (22) describes the direct radiance, the second term approximates the diffuse downwelling
radiance in the absence of any surface reflectance (i.e., a black surface), and the last term
approximates the downwelling radiance due to multiple reflections between the atmosphere and

the surface.

There is areciprocity relationship between the upward and downward diffuse transmittances,

namely,

poTy(-m -0, 0-071) = p - T, p, o' - 9iny) (23)

inc

Substituting (22) for L, , in (21) and using (16) and (23).
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where Rk,w within the integrals has also been expanded in a two term cosine seriesin ¢ —¢’,
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After some rearranging (24) can be used in an iterative scheme to determine R, y- We

have,
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HoFo 3
2 (r
} e—zl/pn ka 0, model(~H, 1 )Tx o(—Hg —p’ t)\)dp

ncos(cp 9,) (
— J.Rln)l model( H, “,)Tk. l(_“O’ —'u';t)‘)dp'

—T)‘/p.o
hem |
A, x, y(MoiTa) - (1) - By iy (oit)) R o du’
- ~T0/ Wy "J- A, O.moa’el("“, Hn )“ H
HOEO, xe 0 (26)

where Rk 0,x y and R(g) .y AT replaced by R"fj)o. model a0d RAV. modet respectively, which are
produced from a parameterized BRF model. This step is necessary because R, o , yand Ry ...,
in the integrals of (24) are dependent on p’, the direction of incidence of theradiance at the surface,
and this dependence is displayed in the MISR data only for the single direction, p, . the cosine of
the sun angle of the observations. The parameterized BRF model R}, ., is specified by fitting
itto R("’ ; & the MISR view angles and determining the best fit parameters. Once [he parameters

. . {
are dctcrmlned. this procedure then allows Rk.l](';_ mode! and R:\‘,’i) ; to be Computed from the

y maode
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expressions

(n) (n)
R0, model (-H, P') - nJRxnmadel( —H K5 0 - 0%)do’ (27)

, 1
Rﬁf"; model(—H 1) COS (6 -0) - EJ‘R;\"L,O(M( —H, 0, 6= ¢')cos (¢’ 0,) 4. (2 8 )

The BRF model used is that of Rahman et a. [29], modified to allow a nearly linearizable
least squares fitting analysis. This modified model is described by

k 1
Rk, model(—u’ Ko ¢ — ¢0) =702 “ [upo(p + uo)] o exp[bx -p(Q)]- hx("u’ Mg, ¢ — 4’0) (29)

with three free parameters, r , , k , and b, . The function 4, is afactor to account for the hot spot,

Ry (=1, 1g, 0= 0g) = 1 7o, (30)
}\ o 0 I+G( H, u0)¢ ¢0)

with

[ S

G-, Ho - 9o) = - p? lﬂlo il

5 5 COS(P~-0g) | - (32)
n Mo

The function pin (29) is assumed to depend only on the scattering angle 2, the angle between the
directions of the incident and reflected radiances, and is defined to be

(351

P(Q) ~ cosQ = —ppy + (1 -p )’ - (l-,u )" - COS($-0) (32)

The fitting of Ry ntng\'_")t,y is accomplished by first taking the logarithm of each func-

tion, differencing them, and then computing the sum of the squares of the residuals,

S = Z“an X, \( K “()’¢ ¢0)'— lan mmle/( My Hys @ ¢’()” (33)
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where the summation is over the cameras used and

(n) . (n)
lnR()\',linodel(—“,'» Ho 0, = &g) = lnr(n) " (ky, § 1) ln[“i“()(“+“0)] + by -p(Q‘-)

l h “Hp s ¥,
+n},(p~, Ko O, ¢o) (34)
The model is given explicit dependence on the iteration count through the superscript (n) because
the parameters are updated every time R;\ v,y IS iterated. Aside from the in h&") term in (34), we
note that In Ry ,,,4; 1S linear in the three model parameters in ry 3.k, , and b, .Theln h&"’ term

is easily handled by ssimply using the value of rq 3 from the previous iteration,

(n=1)

R (<, g, 0 — 0) = 1 o (35)
AR Re 0 1+G( M, By & — )

where rf)fi) Is set equal to zero. Once the parameters are found, R(ﬂ)' model and R§7)l_mode,cw be

computed using (27) and (28).

As agood initial estimate to start the iteration, we set the BRF equal to the HDREF, i.e.,

RO (1Mo & — 80) =ry o (1, Hor & — 903T3) (36)

The iteration process expressed by (26) is then cycled until convergence is achieved. Convergence
is measured by the metric D, defined as

1
" 2|2
D = {Z[R)\ :i)( =M, Hos ; ¢’0) R)\_ X \( Hp g 0, ‘1’0)] } (37)

hem
AA. X, \(“O tk)

i

where the summation is over the cameras used. When D <D, ., athreshold value, the iteration
process is terminated. Like the HDRF/BHR iteration process, this process is also very stable and

efficient in achieving convergence.

Finally, the DHR, A‘;{lr‘ . -1s determined by directly integrating the BRF from the final iter-

, V) \ , , » model of
ation, Ry, . over the hemisphere, assuming the azimuth angle model of (25),



|12n
di l
A)»frx, )'(HO) = EJ. J' R)\. X y(’"“' Mg ¢ — ¢’())Fldlld¢
00

!
N
= 2_|'ng, . % y(—Hs Ho)pdp

0 (38)

Since R{") | is determined only at the MISR camera angles,

) _ RY) (Mo 0, — g )cos (6 —0) - RY) y(-iiHo &= 89)COS(8,70)
RLO X (- -W u()) = — — (39)
%y cos(¢; — o) — cos(o,— ;)

where ¢, and ¢, are the forward and aftward view azimuth angles for each symmetricaly viewing

camera pair.
VI. PAR-INTEGRATED BHR AND DHR

For radiation balance and climate studies the shortwave (the effective wavelength range of
the solar spectrum) BHR is needed, split into the photosynthetically active radiation (PAR) regime
(400 -700 rim), and the non-PAR regime (>700 rim). Since MISR has only four narrow bands in
the shortwave region of the spectrum, additional information concerning the spectral shape of the
surface BHR is needed to transform the four MISR spectral BHR’s to a full shortwave BHR. This
type of information can be obtained from other EOS instruments, e.g., the Moderate Resolution
Imaging Spectroradiometer (MODIS), and we |eave the algorithm to retrieve it to the post-launch
era. However, since three of the four MISR bands are in the PAR spectral region, we include a
PAR-integrated BHR and DHR as part of our at-launch surface product. They are a measure of the
amount of incident photosynthetically active radiation absorbed by the complete canopy-soil sys-
tem and can be compared to FPAR, another MISR surface product parameter [ 10]. Unlike the sur-
face products described so far, which are calculated for a subregion size of 1.1 km, these PAR-in-

tegrated albedos are calculated for the 17.6 km region.

hem

The PAR-integrated BHR. Ap . can be written as



700
[ (M (it
h
Ap;”;z(uo;f)\) = %OO% , (40)

J (Ey(1p;ty ) dr
400

where

(My(npiry)) = Nl szx,f,y(“O;Tl) (41)
suby, y

Ertroin) = 1 Fa, sy @2)
Su X,y

with the summation taken over the N, subregions within the 17.6 krn region. The surface
irradiance E,, , , is calculated from (8) and the radiant exitance M, . is caculated from (7),

written as

h
My, (1)) = Axe (1eit) - Ex o (o) (43)

An identical calculation is done to obtain the PAR-integrated DHR,A‘;JKR,butwith

Ek, x, y(“o) = “OEO,k’ (44)

dir
My« (o)A (o)« KoEq - (45)

The spectral integration in (40), and its counterpart forA‘;,';R, is then carried out using a piecewise,

linear curve to approximate the spectrum between the 3 MISR wavelengths contained within the
integral. This enables the integrals to be replaced by weighted sums of the spectral parameters. with
the weights being pre-established. Details of this procedure can be found in [25].

VIl. SURFACE RADIATION PARAMETERS

The spectral HDRF and BHR and the spectral BRF and DHR, retrieved by means of the a-
gorithms described in Sections IV and V. are archived as part of the MISR standard surface prod-
uct. Additional parameters, not explicitly archived but which canbe easily calculated from the



standard aerosol and surface parameters, include:

1) the surface spectral irradiance E;, y (incident radiant flux density or flux) for the ambi-

ent atmosphere, given by (8), and for no atmosphere, given by (44);

2) the surface spectral radiant exitance, M, , .. (exiting radiant flux density or flux) for the
ambient atmosphere, given by (43), and for no atmosphere, given by (45);

3) the surface-leaving spectral radiance, Li“;f ,» for the ambient atmosphere,

' rk, _x’y(—ul uo: ¢ - ¢0;TA)EL X, y(p'();‘[x) ’ (46)

e y= L
Li‘:;{ y(_“’ Ho ¢ - ¢0,1A_) - -

where (4) and (5) were used, and for no atmosphere,

r 1

where (2) and (22) were used.

VIIl. SURFACE CHARACTERIZATION PARAMETERS

The surface products discussed so far are very basic and are retrieved using straightforward
techniques, rooted in well developed I-dimensiona radiative transfer theory of the atmosphere/
surface boundary problem. The advanced MISR surface products, which include a biome-based
surface description or classification, leaf areaindex (LLAI), and FPAR, require a more sophisticated
approach to their retrieval. The algorithm used to determine these three products uses as input the
retrieved spectral BHR and BRE/DHR products, described in Sections 1V and V. Fundamenta to
the operation of the algorithm is the use of precomputed radiation parameters, which are derived
from 3-dimensional modeling of complex vegetation canopies and their underlying surface (e.g.,
[30]) and stored in a lookup table labelled the Canopy Architecture Radiative Transfer (CART) file
[25]. These precomputed parameters allow a fast and accurate computation of BHR and BRE/DHR
values at the top of the canopy for awide variety of canopy/soil models, in which biome type, LAI,

and soil retlectance can vary.

The algorithm does a comparison of the retrieved and modeled retlectances and reflectance
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factors, using a two step procedure. First, the retrieved BHR and DHR in the four MISR spectral
bands are compared to the corresponding modeled values, which area function of biome type, LA,
and soil reflectance. Only for those models which pass this test is a second comparison test per-
formed between the retrieved spectral BRF values and the modeled values. The canopy/soil models
which pass this second test are considered to be successful representations of the actual canopy/
soil condition. A weighted average LAl and its spread are calculated for each biome type of the
successful models. The biome type with the minimum spread in LAI is then used to calculate
FPAR. The agorithm considers six distinct biome types for the models - grasses and cereal crops,
semi-arid shrublands, broadleaf crops, savanna, broadleaf forest, and needle leaf forest. Two addi-
tional and non-vegetative surface classifications include the categories water and barren. Land sub-
regions are classified as barren when the NDVI is less than a threshold value and, consequently,
LAI and FPAR both set to zero. Additional information and details about this algorithm can be

found in [10], [25].

By introducing more realism into the modeling of the canopy architecture and subsequent
radiative transfer process, this algorithm represents a significant advancement in the effort to re-
trieve canopy biophysical parameters. One current method to determine FPAR, for example, is
based on a biome-dependent, simple linear relationship between FPAR and the vegetation index
[311], [32], which ignores much of the variation in canopy architecture and soil reflectance inherent
in real canopies. We view the physically-based MISR LAIVFPAR algorithm as a first step toward
future algorithms which will be designed to retrieve a larger list of canopy biophysical products.

IX. SURFACE RETRIEVAL SIMULATIONS

The accuracy of the HDRF/BHR and BRF/DHR retrieval algorithms was studied by applying
them to simulated MISR radiance data. These radiances were computed using a number of
different, directionally reflecting. surface types, overlain by an atmosphere containing aerosols.
The bidirectional reflectance factors describing the model surface reflection properties were
derived from measurements of 11 distinct types of natural surfaces in the two AVHRR wavelength
bands ! (0.58-0.67 um) and 2 (0.73- 1.1 um) [33] -[35]. These measurements are especially useful
in modeling work because of the fairly complete angular coverage in both the view and Sun
directions. It should be noted that the reported measurements are actually HDRF's, i.c., no

correction was made for atmospheric eftects, but in our study we treated the measurements as
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BRF’s when modeling the TOA radiances. This approximation is not significant since we are
primarily interested in the variety of angular shapes and reflectance values that the measurements
offer. We also assumed that the AVHRR bands 1 and 2 were equivalent to the MISR red and near
IR bands at 672 and 866 nm, respectively, for each of the derived BRF models. The 11 surface
types are listed in Table 1 along with their BHR at 672 nm.

The atmospheric model used for the simulated MISR radiance calculations contains both
Rayleigh and aerosol scattering. The selected aerosol was a sulfate/nitrate type at 70% relative
humidity (RH) with an effective particle radius of 0.21 pm and with a phase function described by
an asymmetry parameter of 0.68 and a single-scattering albedo of 1.0 at a wavelength of 672 nm.
The aerosol was distributed in the atmosphere with a particle density scale height of 2 km. A
number of aerosol turbidity conditions were investigated, ranging from a light aerosol load (optical
depth of 0.1 at 672 nm) to arelatively heavy load (optical depth of 0.4). The simulated data were
calculated for three solar zenith angles (8,= 25°, 45°, and 65°) and three MISR azimuth angle

differences (a¢ = 30°, 60°, and 90°) as measured from the principal plane. The radiative transfer
calculations were done using a multiple scattering, matrix-operator technique [36] which included

al the interactions between the surface and the atmosphere.

Three different scenarios were studied to test the sensitivity of the HDRF retrieval to atmo-
spheric conditions. The first was the use of the correct aerosol type and column amount in the re-
trieval process to gauge how well the algorithm works under optimum conditions. Next, the correct
aerosol type was used but the column amount was decreased a bit from the true value. Finally, the
correct aerosol column amount was used but the aerosol type was modified by increasing the RH
from 70 to 99%, thus increasing the particle effective radius to 0.64 pm. To gauge the performance
of the HDRF/BHR retrieval agorithm, we define a metric$, .. the average HDRF deviation, as

true

1
By x () = 9 zlrx. oy (TR Bos 0, = 00113 ) = 1y o (=R s 0 - ‘Do?‘x), . (48)
i
where r, ., and ", are the retrieved and truc HDRF, respectively. and the summation is over
the nine MISR camera angles. Figure | shows the HDRF retrieval results of thel I surface cases
at 672 nm for 8, = 45° and all three A¢ , using the correct acrosoltype (sulfate/nitrate at RH 70%)
and column amount (optical depth of 0.4). It is apparent from this tigure that the retrieval accuracy

is approximately proportional to the reflectance level of the surface. Thisis clearly demonstrated
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by [he relatively large average deviations of the first four cases compared to the others and the
similar pattern exhibited by the BHR listed in Table 1. Also apparent is the fact that the retrieval
accuracy does not depend strongly on a¢, the azimuth angle difference between the plane of the
measurements and the principal plane, although there is a tendency towards less accurate retrievals
when A¢ is near 90°. In general the average deviation is about 2% of the BHR value, indicating
the high intrinsic accuracy of the HDRF/BHR retrieval algorithm under optimum conditions.
Similar results were found for the retrievals at the other two solar zenith angles, 8, = 25° and 65°.
The BHR retrieval results corresponding to the HDRF results of Figure 1 are shown in Figure 2.
Here, the metric used to describe the BHR retrieval accuracy is the BHR error, €, , defined as

Erny(0) = Arny(ort) = Ay ey (i) (49)
where A;erxn y and AXZD,™ arethe retrieved and true val ues, respectively. Comparison of Figures
1 and 2 shows that the BHR error is typically somewhat larger than the average HDRF deviation,
indicative of the fact that the BHR integration over the upward directed hemisphere includes large
amounts of solid angle where no measurements are obtained. However, the overall uncertainty in
the retrieved BHR is generdly less than 5% for all the solar and viewing geometries considered in

this study.

Figures 3 and 4 show the HDRF and BRF retrieval at 672 nm as a function of the MISR
camera view zenith angles for surface case 1 (soil), an aerosol optical depth of 0.4, A¢ = 30°, and
solar zenith angles, 8, = 45° and 65°, respectively. The HDRF and BRF retrieval for surface case
7 (pine forest) under the same atmospheric and Sun-view conditions are shown in Figures 5 and 6.
The difference between the HDRF and BRF generally increases with increasing optical depth: Fig-
ures 3-6 show that this difference also increases with increasing solar zenith angle. The BRF re-
trieval is noticeably less accurate than the HDRF retrieval but, nevertheless, produces a very ac-

ceptable result.

All results presented up to now were obtained using the correct aerosol type and amount.
However, a certain amount of error or uncertainty is inevitable when an aerosol retrieval is per-
formed using the MISR data [22]. For optical depths less than 0.5, the expected optical depth un-
certainty will be about 0.05 with a possibility for misidentification of acrosoltype. To determine

the impact of these types of errors on the accuracy of the surtace retrievals, the properties of the



aerosol model used in the retrievals were allowed to deviate from those of the correct model. First,
we modified the aerosol column amount, using an optical depth of 0.35 instead of the correct value
of 0.4 in the surface retrieval agorithm. The HDREF retrieval results, shown in Figure 7 and the
BHR results, shown in Figure 8, for 6, = 45° should be compared to those in Figures 1 and 2. We
note that the average HDRF deviation in Figure 7 is about 0.01 for each surface case. This is ap-
proximately 2.5 times larger than the average deviations in Figure 1 for the first four cases and ap-
proximately 10 times larger for the remaining cases which have a much smaller BHR. Also, the
BHR errors in Figure 8 are now positively biased by more than 0.01 compared to those in Figure

2, aresult of using too small an optical depth.

Another example of the consequences of using an inaccurate aerosol model is the case where
the correct optical depth is used but with a modified aerosol type (sulfate/nitrate at RH 99% instead
of 70%). The results of the HDRF and BHR retrieval for this case are displayed in Figures 9 and
10, respectively. Again, the results are biased by amounts which are much larger than the inherent
accuracy of the HDRF/BHR retrieval process, as illustrated in Figures 1 and 2. Clearly, it is the
accuracy of the aerosol retrieval process that will be the limiting factor in determining the degree

of uncertainty in many of the surface products.

The results presented in Figures 1-10 are for an aerosol amount described by an optical depth
of 0.4 at 672 nm. Retrievals on simulated data with smaller optical depths show correspondingly
smaller errors. However, the projected 0.05 uncertainty in optical depth for MISR aerosol retriev-
as, even when the optical depth is small, will produce biases in the HDRF and BHR retrievals
which are comparable to those observed in Figures 7 and 8. Expressions for the formal uncertain-
ties of the retrieved HDRF and BHR, which include the effects of uncertainties in the aerosol prop-
erties, can be found in [25]. These uncertainty estimates will be archived as part of the MISR stan-

dard data products.

X. DISCUSSION

The retrieval techniques described in Sections IV, V, and VIII form the core of the MISR
surface product algorithms. They take full advantage of the multi-angle nature of the MISR
datasets, allowing a more accurate determination of the surface directional reflectance properties

than can be obtained with conventional. single-view instruments. For example, it the surface leav-



ing radiance, L{“:/ ,» is to be retrieved from single-view data, then it would be computed using
(11), an expression based on the assumption of a lambertian surface. This expression, however, is
only approximate and describes just the initial estimate of Liu;f , in the iteration procedure used
by the MISR multiangle HDRF/BHR retrieval agorithm. This algorithm and the BRF/DHR algo-
rithm are designed to accommodate MISR data without a full complement of nine view angles, due
to possible cloud contamination or instrument problems in one or more cameras. Quality assess-
ment parameters, which include information on the number of camera views used in the retrieval

process, are archived to help assess the accuracy of the surface products.

Once the spectral HDRF and BHR are retrieved for a land subregion, they are then used as
inputs to additional algorithms to retrieve the BRF and DHR, the PAR-integrated BHR and DHR,
and the surface classification, the LAI, and the FPAR. When the surface retrieval is done for ocean
samples, however, only the spectral HDRF is determined. For ocean, the surface-leaving radiance

can be expressed as,

water glitter

Lil.‘«rtj:y("ll» Ho ¢~ ¢’O;TA) = Ll, x, y(—u. Ko & - ¢0;Tk) + Ll, X,y (-, Ho 0 - %;T)‘) (50)

where L;f“;ey' is the water-leaving radiance, which is that part of the radiance incident on the
surface which penetrates the surface, scatters within the water proper, and then exits the surface,
and Lig,l)';f";’ is the radiance reflected directly from the surface (Fresnel scattering) [37] and a
contributién due to whitecaps [38]. When the aerosol retrieval is performed, the component of the

glitter

TOA radiance dueto Ly ",

glitter

Lot ST gy 0= 0git) = € P LS (g 0= 07y
12n .
[ Taln-n"0- ) LE VT (g 0 - 0Ty )’ o’
00 . (51)

is also determined, based on precomputed values contained in the SMART dataset. Therefore, the
iteration procedure of the HDRF algorithm, expressed by ( 14), becomes an agorithm for retrieving

aim

Ly instead of L3/ DY setting Ly " in the expression equal to the sum of Ly and

Ly % <hter - Although Ly ! is retrieved for all nine MISR view angles, only the most glitter-free

of the two radiances at 45.6° zenith angle will be archived. Also, these radiances will be retrieved



walter

only for the two spectral bands at 446 and 558 nm; L, " y for the other two spectral bands are
assumed to be zero. These two single-view radiances are then used to determine the phytoplankton
pigment concentration, based on an agorithm developed for the Coastal Zone Color Scanner [39].
There are aternative, more conventional, ways of determining L{";_”;, based on single-view
satellite data. In particular, this product is currently being produced from SeaWiFS data using an
algorithm [12] which is a prototype for the one under development for MODIS [11], an instrument
on the same platform as MISR. A modified Version of this algorithm will be used with MISR data,

in addition to the HDRF agorithm, so that the two sets of results can be compared.

Validation of the MISR surface products will rely on several sources of data including radi-
ometrically calibrated aircraft observations, together with field observations of downwelling dif-
fuse sky spectral radiance and irradiance, the direct solar spectral irradiance, and surface spectral
HDRE. Details on planned field campaigns, experimental methodologies, and instrument calibra-
tion and data reduction procedures are documented in [40] and [41]. As the surface retrieval sim-
ulations have demonstrated, the accuracy of the MISR surface products (and the surface products
from other spacecraft instruments) depends heavily on how well the aerosol properties are known.
This requirement on accuracy aso applies to the surface radiation parameters, described in Section
V11, which can be derived from the MISR products. Thus, the validation plan is structured around
the requirement of obtaining measurement sets from which aerosol and surface properties can be

determined together.

XI. CONCLUDING REMARKS

By monitoring the global environment via multi-angle, spectral imagery, MISR will make
unique contributions to Earth System Science research. It will produce a number of surface data
products (see Table 2) on a daily basis which will be of interest to people in research disciplines
covering broad areas of land, ocean and atmospheric science. Using atmospheric information ar-
chived during the aerosol retrieval process, surface radiometric quantities, e.g., the spectral radi-
ances and radiant flux densities, can also be determined from these surface products. We anticipate
other progressions to new and more advanced products, through ingestion of non-MISR data and

the development of improved algorithms.
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FIGURE CAPTIONS

Figure 1. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane, a¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). The correct aerosol properties were used in the retrieval process (type is

sulfate/nitrate at RH 70% with an optical depth of 0.4).

Figure 2. Accuracy of BHR’s retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane, A¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). The correct aerosol properties were used in the retrieval process (type is

sulfate/nitrate at RH 70% with an optical depth of 0.4).

Figure 3. Correct and retrieved soil (case 1) reflectance factors versus MISR view zenith angle.
The solar zenith angle, 8, = 45° and the azimuth angle from the principal plane, a¢ = 30°. The
correct aerosol properties were used in the retrieval process (type is sulfate/nitrate at RH 70% with

an optical depth of 0.4).
Figure 4. Same as Figure 3, except the solar zenith angle, 6, = 65°.

Figure 5. Correct and retrieved pine forest (case 7) reflectance factors versus MISR view zenith
angle. The solar zenith angle, 6, = 45" and the azimuth angle from the principal plane, a¢ = 30°.
correct aerosol properties were used in the retrieval process (type is sulfate/nitrate at RH 70% with

an optical depth of 0,4).
Figure 6. Same as Figure 5, except the solar zenith angle, 8, = 65°.

Figure 7. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane, A¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). The correct aerosol type (sulfate/nitrate at RH 70%) and an incorrect
optical depth of 0.35 were used in the retrieval process.

Figure 8. Accuracy of BHR’s retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane. a¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). The correct agrosol type (sulfate/nitrate a RH 70%) and an incorrect
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optical depth of 0.35 were used in the retrieval process.

Figure 9. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane, A¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). An incorrect aerosol type (sulfate/nitrate at RH 99%) and the correct
optical depth of 0.4 were used in the retrieval process.

Figure 10. Accuracy of BHR's retrieved from simulated MISR data for 11 surface cases and 3
viewing geometries (azimuth angle from the principal plane, A¢ = 30°, 60°, and 90°, all at solar
zenith angle, 8, = 450). An incorrect aerosol type (sulfate/nitrate at RH 99%) and the correct
optical depth of 0.4 were used in the retrieval process.



Table 1: Surface Models

[EEN
[N

Case Surface Type BRF (672 nm)
| Soil 0.186
2 Grassland 0.318
3 Steppe Grass 0.211
4 Hard Wheat 0.228
5 Irrigated Wheat 0.063
6 Hardwood Forest 0.035
| 7 | Pine Forest | 0.038
| 8 | Lawn Grass | 0.058
| 9 | corn | 0.082
| 10 | Soybean ] 0.034
| Orchard Grass | 0.077
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Table 2. Summary of MISR Surface Products

Horizontal
Product name sampling Comments
(Coverage)
Hemispherical- Directional Reflectance 1.1 km (Land) . Surface radiance ratioed to that from ideal
Factor (HDRF) lambertian reflector at surface
e Ambient sky conditions, i.e.,
direct plus diffuse illumination
.9 viewing angles, 4 spectral bands
BihemisphericalReflectance (BHR) 1.1 km spectral, . Radiant exitance ratioed to irradiance
17.6 km PAR a surface (i.e. albedo)
(Land) . Ambient sky conditions, i.e.,
direct plus diffuse illumination
. 4 spectral bands and PAR integrated
Bidirectional Reflectance Factor (BRF) 1.1 km (Land) . Surface radiance ratioed to that from ideal
lambertian reflector at surface
. Direct illumination only (no atmosphere)
.9 viewing angles, 4 spectral bands
BRF Model Parameters 1.1km (Land . Model parameters from a fit to the surface
B RF
Directional-Hemispherical 1. | km spectral, . Radiant exitance ratioed to irradiance
Reflectance (DHR) 17.6 km PAR at surface (albedo)
(Land) . Direct illumination only
. 4 spectral bands and PAR-integrated
Surface classification 1.1 km (Land) . Selected from six major biome types plus
two non-vegetated types
. Determined using physically-based algorithm
NDVI 1.1 km (Land) . Computed from retrieved spectral DHR
Leaf areaindex (LAI) 1. | km (Land) . Determined using physically-bawd algorithm

Fractional Absorbed Photosynthetically
Active Radiation (FPAR)

17.6 km (Land)

. Determined using physically-based algorithm

Water-leaving radiances

1.1km (Tropical
Ocean)

- Most gli[ter-free B-camera viewing

angle. blue and green spectral bands, low
latitudes, using HDRF and conventional
algorithms

Phytoplankton
Pigment Concentration

L I km(Tropical
Occan)

« Caleulated trom water-leaving radiances
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